We investigate the interplay between chiral symmetry restoration and deconfinement both in two color QCD and adjoint QCD. In ordinary QCD we show how the behavior of the Polyakov loop near chiral phase transition is induced by the chiral order parameter, while in adjoint two color QCD one has two truly independent phase transitions. Introducing a finite baryochemical potential we find that adjoint QCD exhibits tetracritical behavior.
Introduction
The phase transitions in QCD and QCD-like theories have gained a lot of interest 1 For strong interactions, with realistic quark masses, at finite temperature and zero chemical potential the chiral symmetry in not exact, but one can still follow the behavior of the condensates. Lattice calculations show that with quarks in the fundamental representation deconfinement (a rise in the Polyakov loop ℓ), coincides with chiral symmetry restoration (decrease in the chiral condensate σ) T d = T c 2 . If quarks are in the adjoint representation, deconfinement and the chiral symmetry restoration become independent, T c ≃ 8T d 3 . At finite chemical potential a richer phase structure emerges due to the possibility of diquark condensation which in ordinary QCD leads to supercondutive and in adjoint QCD to superfluid phenomena. We have provided a simple unified way 4 to describe the relation between deconfinement and chiral symmetry restoration in QCD and adjoint QCD, and discovered a new region of tetracritical behavior in two color adjoint QCD 5 .
Confinement or Chiral symmetry
In two color QCD with two massless quark flavors in the fundamental representation the global symmetry group SU (4) breaks to Sp(4) . The dynamics of the chiral degrees of freedom, π a and σ , is described by the potential 6 :
. . , 5 and the generators X a are provided explicitly in equation (A.5) and (A.6) of 6 . The Polyakov loop ℓ is treated as a heavy field, singlet under the chiral symmetry:
The interaction terms allowed by chiral symmetry are g 1 ℓ + g 2 ℓ 2 Tr M † M , and the essential dynamics is due to the g 1 term. In the symmetry broken phase with T < T cσ , the σ acquires a non-zero expectation value, which in turn induces a modification also for ℓ :
with λ = λ 1 + λ 2 . Near T c the mass of the order parameter field is assumed to possess the generic behavior m
For g 1 > 0 and g 0 < 0 the expectation value of ℓ behaves oppositely to that of σ : As the chiral condensate starts to decrease towards chiral symmetry restoration, the expectation value of the Polyakov loop starts to increase, signaling the onset of deconfinement. Furthermore, we find a drop in the spatial two-point correlator of the Polyakov loop near the chiral transition.
In two color QCD with two massless Dirac quark flavors in the adjoint representation, the global symmetry SU (4) breaks to O(2N f ). Now the chiral part of the potential is given by (1) with 
. . , 9 and the generators X a are provided explicitly in equation (A.3) and (A.5) of 6 . The potential for the Polyakov loop is Z 2 symmetric, and the only interaction term allowed by symmetries is g 2 ℓ 2 Tr M † M Since the interaction g 1 ℓσ 2 is now forbidden, one might expect no information transfer between the fields. This is true in the case T c ≪ T d , but not in the physical case in which the deconfinement happens first 3 , T d ≪ T c . For T d < T < T c both symmetries are broken, and one finds that the expectation values of the two order parameter fields are again linked to each other. Furthermore, in this case the two point function of σ (ℓ) is
Thus the two order parameter fields, a priori unrelated, do feel each other near the respective phase transitions.
While we have explicitly considered a theory with two colors and two flavors at zero chemical potential, the mechanism transferring information between the order parameter and the non order parameter field is easily carried over to describe theories with more color and flavor degrees of freedom as well as theories at finite chemical potential.
Tetracritical behavior in adjoint QCD
Generally in situations when two or more orders compete, the resulting phase diagram is expected to exhibit multicritical behavior when the correlation leghts associted to the two order parameters diverge simultaneously. A typical condensed matter example of multicritical behavior is the phase diagram of anisotropic antiferromagnet in a uniform magnetic field parallel to the anisotropy axis 7 . Since adjoint QCD has two well defined independent symmetries, it is reasonable to expect multicritical behavior.
Consider O(N 1 ) and O(N 2 ) symmetric order parameters. The effective theory, to quartic order, describing their dynamics is
Here
m . This theory has three fixed points whose infrared stability depends on the value of n = N 1 + N 2 : In the ǫ = 4 − D -expansion, to O(ǫ 5 ) 8 , for n > 3 the stable fixed point is the decoupled one, at which the two subsystems have independent critical behaviors. Then, for n = 3, the critical behavior is driven by a fixed point, which has enhanced O(n) symmetry, and the system behaves as ncomponent Heisenberg magnet. Finally, for n = 2 the fixed point is the nontrivial one, so called biconical fixed point, with completely new critical exponents.
Lattice has shown 9,3 that finite temperature adjoint QCD is far from the tetracritical point: T dec ≪ T ch . To study the effects of finite chemical potential, we study as a prototypical example the two color adjoint QCD with one Dirac flavor. This theory has U (1) symmetry, i.e. the baryon number, which at finite µ is spontaneously broken by the diquark condensate.
The low energy effective theory describing this symmetry breaking pat- tern is given by
where a = 1, 2 and the chemical potential couples directly to the pions via
with B = τ 3 . U transforms as gτ 1 U g T for g ∈ SU (2) and we have introduced also a Dirac mass m in the underlying theory. Such a mass appears in the effective Lagrangian as a nonzero mass for the pions, and one expects m fig. 1 . The existence of a second order line has been also deduced using chiral effective theory 10 . Recall that in the adjoint QCD also deconfinement has an exact symmetry associated to it and is an independent phase transition. A schematic deconfinement phase diagram is shown in the right panel of fig. 1 , in which the critical value µ c ≈ πT d was obtained by a simple bag model argument P g + P q = B. Now it is clear that taking into account both deconfinement and diquark condensation, O(1) ⊕ O(2) multicritcal behavior is possible by tuning m π with respect to T d . Such a possibility is illustrated in fig. 2 . It would be interesting to see if lattice simulations at finite values of µ could see the critical lines of deconfinement and diquark condensation start to close on each other.
